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ABS’I’RACT
~’k I ,inkcd  Windows lntcraclivc  IIata System  (1 ,inkWinds)  is a proto(ypc  visual data exploration systcm  rcsul(i]lg
from a NASA/JP1, program of research into ~raphical  methods for rapidly and intcraclivc]y  accessing,,  displayi[ls
and analyzing  large nmltivariatc  ]l~[]ltidisci])lillaly  data sets. Running  undcl UNIX, it is au intcglatccl  multi-
application execution environment allowing, the dynamic intc.iconncclion, throuch a dala-lilikillg  paiadisln,  of
multip]c  windows containing visual displays and ccmhols.  I’his paradifim,  which results in a syslcm  which func[iom
much Iikc a graphical spmadshcct,  is Not only a powerful mxhod for organizing, large amounts of data for analysis,
bul provides a highly intui(ivc,  easy-to-lcwn USCI  illlcrfacc  on lop of the traditional graphical user intclfacc.  ‘l”hc
linking of data displays and controls for their manipulation provides gicat flexibility in rapidly cxp]o~ing large
masses of complex data to dctcd ttcnds,  correlations and anon talics. ‘1’hc systcm,  containing an expanding suite of
non-domain spccitic  applications, provides for the ingcs[ion  of a variety of database formats, and hard copy output of
all displays. Networked workstations running 1,inkWinds  n~ay bc linked, providing a Multi-User Scicncc
1 hwironmcnt  (M USI:)  for mllaborat  ivc data cxp]orat  ion by gx+yaphicaliy  separated scicnt ists, The sys[cm  is being
dcvclopcd in CIOSC collaboration with investigators ill Occ.moglaphy, WlOMr, ulwr atl)~osphcric  scicllc~ alld
magnclosphcric  physics. in addition to gi-iddcd  (iata sets, l,itkWinds  has the ability to ingest and display ml time
dala, which may bc flon]  spacmaft,  laboratory cxpcrimcnts,  or cxmputcr simulations.

lN’J’J{OIIIJC”J’JON
GIcat advances in sensor and computer tczhno]ogics,  coupkxt  with the abilily  to transpw  L SCIKOIs to remote

locations such as deep in the oceans 01 high into spaw have resulted in an ever increasing flood of data, which, to bc
useful, nmst bc transporlcd,  stored and analyz.cd  in a timely nlanncr. observational systems, mmputa(iom and
computer simulations arc being applied in almost  all fields of human endeavor in cflorts  to understand ourselves and
our world.  in this paper, wc report on a systcm which grew out of a NASA research projccl at the JCI l’repulsion
1,aboratory  to study the application of co]nputcf  ~,raphics to the problems of rapidly and inlcraclivcly  exploring and
al~aly~.ing  very large amounts of scientific dala gathered ci(hcr during the cxcculion of obscrva(ions,  computations or
computer simulations. 3’lw objectives of the research proglam  arc (1) to develop a soflwarc environment and test bcd
which will support the rapid prototyping  of visual data analysis applications, while at the same time maintaining the
nigh lCVC1  of performance ncccssary  for interactive manipulation of graphical displays; (?) to develop a user intcl face
that is truly intuilivc, allowing quick access to the sofiwarc for the novice as WCII as the advanmt  user; (3) to provide
a suite of smplc applications which arc uscftd across a val icty of scientific disciplines; and (4) to provide tools to
support user dcvclopmcnt of applications for this  cnvilonmcllt.

l,lNJ<WINJ)S
‘J’hc  1,inkcd  Windows lntcrac~ivc  I}ata SysIcm,  or 1,inkWilds,  is botli a tcsl bcd for the ccmccpts ]csulting  from this
]-cscarch and a prototype product of the cfforL It is a visual data analysis and exploration syslcm dcsigmd  to rapidly
and interactively investigate large multivariatc  and multidiscildinary  data SC(S to dchxl  trends, correlations and
anomalies. 1,inkWinds provides a variety of flll~ctions aud w vices, including 2-dimcmional  and 3din]cnsional
gtaphiczrl  displays of data, hard copy of graphical displays and text, interactive color manipulation, anin~ation
creation and display, data wbsctling either at the input or output, a journal and macro capability, cxmtcxt-sensitive
help, and network suppor(  for collaborative data analysis. II is an inlcglatcd  multi-application execution cn\7i-
ronmcnt with a full graphical user intcrfacc (GUI) running ul~dcr UN] X. While its GUI is based upon X Windows,
1,inkWinds draws upon the Silicon Graphics ]nc. (SGI) G] j-library  for rendering support and thcrcforc, prcscnlly
rum only on workstations supporting that library, ‘1’his  incluctcs all SGI workstations, and those of o!hcr
manufacturers who have liccnscd  and supporl  the G1 .-library.



1’0 undcrstanct  whc]c I ,inkWiI& fits into the alra.s of available tools, il is inslluctivc  to divide data
visual  imtion  suppm  I Soflwalc into four calcgorics.  With several noteworthy examples, thmc arc:

a, individual scicn(ifrc  applications such as MacSpin [2].
b. Multi-application cxcculion cnvironmnts  such as SpyfJass  Transfolm  [ 1’2].
c. Procedural ploxrtrnming  languages such as 11 N, [16] and l’V-Wave [6].
d, Visual plogrammin~  or data-flow lanfiuaccs  such as Apc [3], AVS [13], and Khoros [8].

1,inkWinds, in a manner sinlilar  to ConMaIi  [4], allows the usct to intcractivc]y  link objccls  on the wo~kstation
sclccn  to accomplish data analysis tasks. While such linking is reminiscent of the programing of data-flow
syslcn)s,  the similarity is only supclficial.  l,inkWinds  is a li~(llti-a]~l~licatiol~  cxcculion  environment, ‘J’his  distinction
enables an architectural design which rcsulk  in more cllcicnt  usc of memory, optimintion  for execution, r~thcl
than fol plogtamming,  and a lCSS con]p]cx and thcrcforc mole  easily  learned sysicln  of opc[atiolw.

1,inkWinds’  usc as a test bcd for visual data analysis rcscarcb and its application to scientific problems since
its inception has resulted in a syslcm  which has glown primarily through evolutionary proccsscs.  ‘1’hc evolution IIas
been gtcatly facilitated by its original layout  Althouf,h  dcvclopcd in ANSI C rather than an object-oriented
language, its foundation and subsc4ucm dcvclopn~cnt have bcm on an object-oricntcxi mdcl. ‘1’here arc curlcntly
three ICVCIS of lhc soflwarc.  The applicat  ion lCVC1 has one source code module for each of the 1,inkWinds
applications. }Icadcr files contain dcclalations  of the mclhocts  tind  a data s[ructur’c which is kept hidden. liacll
nmdulc has procxxhcs analogous to c[cators and dcslr uclors. I’hc systcm lCVC1 contains the 1,ink Winds ~adgct set,
the data manager, the file manager, the 1,YM lanfiuagc  il~tcrfacc  (SCC below) and utility routines. Finally, the
windowinf,  ICVC1  controls the users’ interactions with the applications, the syslcm cvcm, menus, inter- and int!a-
objcc( nicssaxcs  and the graphics

in addition to a top-level nicnu, there arc tlmx types of objcds  prcscnbxt  on the scrccn.  They arc data,
con(rol, and display objcds.  Each occupies a window on the 1,inkWincls  scrccn, and cmnmunicalcs  with other
objects through a message passing protocol. ‘1’hc cmmnunication  paths arc intctac(ivcly  cstablislwd  by the user
throu@\ a “data-linking” paradigm which will bc discussed below. A data object, shown ill I’i.gurc  1, can bc
dislinguisl~ed  by its single “linking” button. 11 has a shor( forln,  show)  on the left, and a long,  form show on the
right. The expanded form is seen by plcssing  the “more” bullon  on the S1]OJ t forlo,  Control  objccls  such as the slider
in liigur-c  2 arc distinguished by having both a “Jinki@  butlon and an “unlinking” button. An example of a display
object is shown in Figure 3. Aboul half of the curtcnl 1,inkWinds  displays also have control functions. q’hc image
display show is such an object, and thcrcforc  has the “link” and “unlink” buttons. q“hcsc buttons aic lnissing  on
pure display objects.

All mcs.sages gcncratcd  by LinkWinds objcds,  as well as menu and button selections intmal  to objects, arc
Iccordcd  as program statements in an unctcrlying language called lynx. ‘1’hc 1,ynx program statcn~cnts  arc the basis
for several kcy 1.inkWinds  functions. ‘1’hc  first is the maintct~am of an internal journal of all user originated
commands cxccutcd by the cnvironmcl)t.  l“hc jourmal  is continuously nlaintaincd  during a session and saved at its
conclusion as a text file. lntcrmcdiatc  files can bc smut at any time through a menu option, A file can then bc
edited for replay, or replayed in its entirety at the initiation of subscqucn[  1,ink  Winds sessions, allowins  the user to
draw upon a previous layout of 1 ink Winds applications and Iitlks,  or repeat a f(lll  analysis session.

IJynx is also the basis for a ruacto  capability. ‘1’hroufjl  a top-lcvc] mcm option, the user can turl) on a
“lcarm” nmdc in which all subsequent 1,ynx  proglam slatcmcnts  arc saved, Upon cnditlg  the “learn” mode, tllc file is
assigned a name and appears inmcdiatcly  as all itcnl in the “nlacro”  option of the top-level menu for cxccut ion at
any time.

A third funclion bawd upon the 1,ym progfan~ slalcmcnl  and message passing protocol is the 1,inkWinds
Multi-User Scicncc Environment (MllSli), a cooperative work capability which provides a method for multiple
cxcuting  1,inkWinds  systems to cxmununicatc with onc another, Using n~cnu op[ions,  users remotely separated can
connect to onc another over the network, to rcczivc 1,ynx  messages, send thcm or do both. By sinmltancously
establishing a tclcphonc voice cmncction,  scientists can discuss their activities while mopcrativcly  vicwins and

2



manipulating, tlwi T data, A success.ful conllcctiml  require.s that caclt  user bc excculing, l,intiwilds ancl (Ilat cacll has
access 10 lhc data SCIS being analymd ~“his  is normally arran~c,d by transporting  the data SC4S prim to the
collaborative session. “1’hc  MLISIi capability is also wry uscf~ll  ill accolnmodalin~ nlally of the needs of ncw users.
It is uswt  to give tutolials  mm the nclwol-k  and to allow users to dcmonshatc  rcconmcndalions  for application
changes or to point out bugs. MUSE is implctlicntc.d  in SUCII  a way as to transmit  only individual control values, and
bu(ton 01 mnu  picks, and thcrcfo]c  requires virtually no network bandwidlh.

1 lal-d copy of the 1,inkWir~ds g~aphical displays arc provided by function  keys. Placing IIIC cursor in a
window and pressing N produces an ima~c of a window’s fyapllical  data display; pressing E? swcs the complc(c
window and frame; and li3 saves the full sclccn,  ‘J”hc tigurcs  show were obtained in this  manrlcr.  TCXI frlcs
containing the results of various statistical operations, and da(a table lis(inr,s  arc also available via buttons  011 tltc
relevant applications.

I) A’J’A-l ,1 NKING AND ‘J’J I E lISICR lNrl’lIXl~AClt
III developing an intuitive and easy-to-lcarm artd usc inlcrfacc,  wc were guided by several principles 19].

‘1’hcsc  arc that users, whcr~ prcscntcd  will)  a ncw piccc of soflwarc, arc impatient ar~d want to get slarlcd  on
productive work as quickly as possib]c;  that they will tend to lc-m from exploring the sof[wfal-c  rather than rcadilig
manuals; and that as long as the soflwarc conforms to their expectations, tllcy will make quick progress in lcawinc
to usc ii, referring to manuals only when specific problems arc cncountcrcd.

‘1’hc 1,inkWir~ds data-linking paradigm is onc of its mos~ dislirqyishin~  features, and cvolvccl ftom the need
to ]apidly  and sinmltancmrs]y  explore data from various sources to detect possib]c  rclatiomhips,  and a dcsil-c to
crcatc a truly easy-to-lcara and intuit ivc user ilitct  face. l)ata-linking  provides the user the ability to interactively
link the many applications of 1,inkWinds  for conccrhxt  ac(ions ill examining data, and results in systems of
applications whose clrscrublcs  arc of much greater utility and power thar) tllcir  individual cmmponcnt  applications.
‘l’tic data-linking characteristics of sprcadshccts,  in wl~icli  cells containing numbers can bc thought of as linked to
other related cells, provide a powerful way of organi~.ing data for analysis and a natural and intuit ivc intcrfacc.
1,inkWinds’  schcrm of data-linking can most easily bc undcrs(ood  this context. Formutac  arc associa(cd  wi(ll cacli
sprcadshcct  CCII,  so that when a number changes, all WIIS linked to the changed ccl] recalculate their values.
1,inkWinds  dots the same thing, but in a graphics environment where the rigid  grid slruc(urc of a splcadshcct  gives
way to free form, and a cell can translate from a singJc nunhcr into objects such as a slider producing a sinp,tc value,
or images cxxltaining  large ar~ays of numbers.

‘1’hc  operation of data-linking is aflcc.tcd  throupJ two icons. “1’hc link icon is a button displaying two
in(cr]ockcd  rings, while the unlink icon displays two ~ing,s that arc separated. As mentioned above, 1 tinkWinds’  ob-
jects  may have a single link button, as in the case of tl~c data object SIIOW in Iiigurc  1; the full SCI of link aiid uulink
buttons, as is the case for all controls such as the slider shown  in frg,urc 2 and the display objccl itl figure 3; or-no
buttons, as in the case of the pure display objects such as the Globe SCCI) in the lower ri~l}t cxmlcr  of l’igurc  4. ‘1’o
prxform a link, a left-mouse button is pressed while the cursor is placed or~ the appropriate button, and a “rubber
band” is drafigcd out and dropped into the application to bc lil~kcd.  ‘lo break the link, the same thing  is done using
the unlink but[on.  ‘1’hc  rubber bands indicating the links may bc disp]aycd  at any (imc during  a session by placing
the CUI sor in the top-level logo and prcssil!g  the lcfl mouse button. “1’hcy alc shown cminating  from tllc  source
button to tllc ccntcr of the destination object,

‘1’here arc two sirnplc rules to follow in applying tltc  linking paradigm:

1. When, as a result of a top-level menu selection of a control or display, an clnpty window alqxars  ot] tllc
sc!ccn,  pu( data into it. ‘1’his is done by linking a data objcd (see Figure 1 ) into the window. Since data ingcslcd  by
1,inkWinds  is in shared memory, no data flows into the nc~vly  activated application, lnstcad,  pointers to the data and
mctadata  arc passed providing fldl access to all tllc ir~formation  nccdcd to cs[ablish  its identity ar~d pa-form its
functions.

2. When an object with the pair of link sylnbcds  appcxrrs,  cxcrcisc  its control function by linking it into tllc
object to IX COntrO]lcd,  OIICC  tlIC link is nladc, [lIC ]I}cssagc flOW 10 ~lIC obj~,( is enabled,  For iils[ancc, ill ~k, case of



the sliclcr in l;igurc  2, each tim the .sIidcr is moved, ils final value is broadcas~  to all objects to wllicll  i[ is linktxl.
When the “(rack” to.gglc is prcsscdj  a continuous stream  of nmsagcs  results as tlIc slider is movccl.

USC of the GUI and the data-linkinf, paradip,m Icsults  in a user inter’face which is uniform across all of the
1,illkWinds  applications. II is a “direct manipulation” intcifacc  [ 11] in that there is a continuous rcprcscntation  of
displays and contro]s  during a session; the syslcnl is run by physical actions rather than a complex syntax; there is
rapid and immcdialcly  visible response to all aclions;  and all actions arc rcwrsiblc,  As a result, ncw users pick up
the opmational  principles of 1,ink Winds very rapidly throup)~ clcmonstlat ions by cxpcricnccd  users. Chr typical
cxpcricncc  is that after about thi@ minutes of insti  uction, the ncw user can begin to cariy out ploductivc  woIk.
Once llIC operational concepts arc learned, they arc rclaiml  and subscqucnl learning is the result of explorations.
Retention is quite impo~tant for scientists who spmd much of their time gathcrinp,  data rather than analyzing it. ‘1’hc
time required to rclcarm their analysis software nmst bc minimal. Users dcmoashatc Icss anxiety in intctactillg  with
the sys(cm  bccausc  the responses alc plcdiclablc  and easily rcvcf std. If the dircclion  taken by an analys(  is found to
bc colllltcrl)ltillctii’c,  it is easily chan~cd

l)ATAIIASE 1 N’1’lH<l’ACJC
“J’hc current version of 1.illkWillds  \volks  with  both alchivcd and rc.al time data, T’hc archiwd data mode

accepts data in a variety of slandald  formats.  ‘1’hcsc arc:

1. Raw binal-y  data in either byte or float in~ point fol mat. The data must bc arranged as a single inlagc,  or,
in the case of a 3-din~cnsional  data sci, a scqucncc  of images, each in scan lillc  order, Since, in this case, thcle is no
header information, an ancillary data description file, discussed below, mus! bc ptovidcd.

2.. ‘l”hc  Silicon Grap]lics,  ]nc. na~ivc R{HI format.
3. “l”hc llicrarchical  Data }Folinat (111)1’)  [1] crca(cd  by the Naliollal  Ccn(cr  for SupcrcolnputiilC

Applications.
4. ~’hc Common Data Format ((lW’) [1] originakxi  at NASA’s Goddard Space Iilight  Center.
S. ~’jlc I’]anctary l)ata  Systcm (PI)S) for]l)at  originated at NASA/J1’l..
6. 1 ‘hc IUcxiblc  ln~agc Transport Systcln  (1;1’1’S) [15] widely used by tllc astrophysics community.

Additional data formats arc imporlcd using Datal  lub [S], a syslcm being dcvclopcd  at JP1. ill close
collaboration with the 1.inkWillds  ctTorL  It is currently used to provide 1,ink  Winds direct access to a wide variety of
data formats including the Airborne Visible and lnfrarcd  lntap,ing  Spcctromctcr (AVIKIS)  format, and Nc[(I)F
[1 ][ 10], a derivative of C3X’. Dalalh)b also provide.s a valicly  of mdcs for subsctting  large data sets.

Data ingestion is cxrntrollcd by three tcx[ fllcs gcncrakxl by the user. Sample versions of these files arc
pl-ovidcd as self-cxplal~alory tclnp]atcs.  ‘]’hc firs[ is a l,inkWillds  configuration file. 1( contains a lis( of paths to any
directories which contain the user’s data, ‘1’hc second resides in onc of the paths and lists either the user’s data
description fllcs  or data files. Ihcsc filenames can contain wild cards, All names listed in this text file appcal in tlic
top-level menu “I)atabascs” option. ‘1’hc  third file contains data description, such as the filenames of all data sets to
bc associated during the analysis, the nunhr  of axes and tllcir names, allcl other mctadata nccdcd to tralwlatc  data
and axis values to numbers meaningful to the user. The data dcscrip!ion file can bc eliminated if there is adequate
mctada{a  in the data file header, which is possib]c  with mos( of tllc slandard  data formats, I;ach data file lis(cd in
these dcscliptor  files appcms in the top-level “I)ata” mcm, A color palcl(c may bc inc]udcd  in either the data file
header 01 user-defined in the data description file.

I’hc real time mode of l,illkWil~ds  is a lcccnt  dcvclopmcnt,  al~d is cxclciscd  througli tl~c creation of a server
tailored to the format of IIIC data stream. 3’lIc data description frlc contains the name of the server, as well as the
usual auxiliary mctadata,  3“11c server is conncclcd to 1,inkWiIlds  through UNIX sockets. An inlcrrupt  syskm ~vithin
1,inkWinds  senses the arrival of a data packet and notiflcs  the relevant applications so they can update  appropriately.
]n addilion to the incoming measured or simulalcd  data, clock tinies  and cllginccring information about the status of
the sending dcviccs  may bc read. lncxminp, data is .w-md in 111)17  8-bit format, and may bc viewed later by
rcqucsling  a rcp]ay server designated in the mctadata  frlc. Spxific data files and time intcrsals  may bc chosen for
replay, As a proof-of-conccpl  demonstration, five 1,inkWinds applications were built and used to monitor and
interactively analyxc  ml time data from the lJnivcrsity  of Io\va’s  Plasma Wave Subsystem aboard tlic Cialilccj
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spacccraf[  during its sccmd 1 tar(h cncountcI  in I kxxtnbct 1992.

Opcrat  ionally,  da(a arc brought into a 1,ilkWinds  session throu~h the usc of the data objcc[  show ill l;igmc
1. “1’hc object rcprcscnts  both the data file and any associated lnctadata,  the most Pcrtillcnt  of which is displaycct  ill
the expanded form. in those cases where the dala file is too large to bc accomnmdatcd  by the workstation memory
and swap space, subsct[ing  can bc accomplished usinp,  the sliders at the bot(om of the expanded form. l;or ins(ancc,
the \vatcr  vapor data set rcpicscntcd  by the object in l?igurc 1 is a scqucncc  of twelve n]onthly  images. ‘J’hc user IIas
dccidcd, in this case, 10 load only the images for mon[hs 4 through month  10. SUCII  decisions can bc made either
upon the input of the data, or subscqucn(ly  during the analysis session. III the lat[cr  case, all applications usinc the
data will bc instantly rcsimd  and redrawn and internal memory allocations rcadjuskc. Strategies for subsctling  will
cent iauc to CVOIVC,  driven by the VCI-Y  Iargc siz.c of SOII)C data fi ICS. IFor ins(alicc,  a sinp,lc AWRIS in]a~c  typically
n~casurcs  614 by 512 pixels with  224 16-bit data channels IKI pixel for a total imap,c siz.c of about 140 Mllyics.

Al}))] ,lCA’J’10NS  OVJCRVJ  I’:W
I’o avoid creating solulions  in search of Juoblcnls,  l.inkWinds  apJdicalions  arc dcvcloJxd  in a raJlid

prototype-tcs!-revise cycle in close collaboration with scicncc  teams crrgagcd in research. The early applications
gycw out of interactions with rcscarcllcrs  in geology, occanograJ~hy  and alnlosJ~llcl  ic physics and chcmislry.  1( is
now being used in many other fields such as physical chrmislry, cdlular  biology, mctcmology,  and space plasn~as.
Ncw users arc cncour-aged to communicate their Needs for JICW tools and scrviccs, and rccxmmcndations  for
modifications of cxisling tools. Such coll~l~~~ll~icatiolls haw lcd to ad hoc collaborations which  have bwn fl uit f’d,
Icsult  ing in a continuously Cvolving suite of applications useful across many disciJ>lillcs.  ‘J’hc Carly aJJplicat  ions MIC1 c
mdclcd upon the kind of graJhs scicntisk  have bcm using  for many years with the added clcmcllts  of high
intcrac[ivily  and rapid or aliimatcd renderings.

1,inkWinds  is a highly djmamic systcm, Each time a control is changed with a butto]l-down  IIIOUSC
n~ovcmc]~t,  upon the button-uJ)  condition, a message with its ncw value is broadcast to the aJ)Jdications  that arc
linked to it, ‘J’hcsc app]icat ions Icspond  imlncdiatcly  by rcdrawins  tllcir  displays of the data. Mosl  of the cent rols
can bc put into a “track” Inodc in which, as long as the buttondown condition is suslaincd,  a continuous s[leam  of
mcssa$cs  is b]-oadcast  as the cent rol is being moved, ])CJ)Cl]dillg  uJ)cm tllc size of tlIc data slims  bcill~  dealt with,
these actions can result in real tin~c animation on the 1.illkWiIlds  scrccn, Wc will at lcmpt to convey somc sense of
the dynamics of this mall ipulat ion as wc dc.scribe some of the applications.

Figure 4 shows a typical session to explore upper atmospheric chemical data urllcctcd by the Microwave
1 timb Sounder (MIS) [14] currently in oIbit aboard the Upper Atmosphere Research Satellite (lJARS).  “1’hc
1,inkWinds  top-lcvc]  menu appears in the uJ)Jxx lcfL From this menu, databases, tools and sys(cnl  options alc
sclccicd. Short form data objects, with their sing,lc  link buttons, arc jusl below the mCJNI. la this case, the data
displayed arc upper at mosphcric  ofonc and water vapm. ‘] ’hcsc data objects have been Jinkcd to tllc various
apJdications  on the scrccn, as indicalcd by the inscriptions in tllcir  upper left cxmcrs.  I’hc window entitled lmagel
displays a global slice of the data at a pressure of 21.54 mbars, as sclcckct by Slidcrl, which is linked to it. Slirlcrl  is
also linked to In]agc2, which shows the water vapor at the salnc pressure. Slirtcrl  permits the user to scan the full
da(a set from the maximum to tninimm pressures (or altitudes). ‘1’hc user can also switch to any of the three
ollhogonal axes and similarly scan thcn~, lmagc can do a variety of things including displayin~  data slices along
any of three orthogonal axes, automatically strc.tching colors bctwccn the minimum and maximum data values, and
image magnifrcatio]),  rotation and scrolling,. It has thlcc c]ubcddcd controls in the forln of a point ilidicator  (cIoss-
hair), line indicator (profile line) and region indicator (lroundijlg  box), 7’lJc “rgb” button cnab]cs three sclcctcd slices
to bc compositcd  in red, green and b]uc CO1OIS, msJ)cclivcly. I’hc “J Iisto”  and “1 ,illc” but (ens launch ancillary display
tools,  which arc also availab]c  from the main menu. A color legend is provided at the bot[on~.  The soulhcrn
hcn~isphcrc  OZ.OIIC  lIOIC is shown at the lower lcf( of lruagcl,  and a high  value of the water vaJm is SCCII  in the
Col”rcspondinc  ]Ocatioll in ]nlagc2..

A scatlcr  plot is brougl]t  to the scIccn to study correlations bctwczn  the ozoac and water vapor. A strong
anli-cxmclation  is clearly scm in Scattcrl, in the lower left co ncr, vhcrc thc points shown COmC from the region
defined by the bounding box conlrol cmbcddcd in Image and linked to Scrrt(crl,  la the tcxl box of Scat(crl,
statistical quantities associated with the scat(crcd data arc given. O(hcr  statistical oJ)tions arc availatdc through
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mm] sclcclicm,  and a full ran~c of information may bc sawxt  to a file via a but(on. ‘1’hc bouldillg box in lmagc call
bc rc.si?cd o~ moved as dcsilcd  fol compalisol~  wilk o[hcr lcgicms of the data, The oz,onc data arc displayed in
GIoIJcI  as a hci~ht  field rcndcrcd  on a sphclc. ‘llc  region of rc.duccd ozone at the soulh  pcdc, and adjaccat  regions
of hi~hcr  omnc, arc clearly seen. Slider]  also SC(S the prcssulc  of this display, and the hci~h[ scale is varied by a
rotary  dial on tlic lcf[ side of the window. An X}’ (2-A~is)  Rotafor  control is linked to GlotJcl  to allow it to bc
posi(ioncd  as desired. A Pmr-7,00nt  Slider is also available for this purpose. 1’o enable rapid positioning of tllc
globe, it is ccmvcrkd  to a wire-frame rendering while being moved, All $dimcnsional  tigurcs such as tkc globe alc
polygonal rmdcring,s. ‘1’hc “?” butkm on each of the ap])lications  provides a cmtcx~-scmitivc  help willciow.

1’i8urc 5 shows real time data from tl]c Plasma Wave Subsystcm (1’WS)  aboard the Galileo spacecraft, taken
durins the Ilarlh 2 cncounlc.r  in Dcccn]bcI  1992. St rcaml’lot  in the upper lcfl contains a spcdrogram  of the data,
displaying frequency channel vcltically  versus tinlc  hori~olitally. It is essentially a .s(rip-cllar(  rccordcr in which new
data enters on the right, and falls ON on the lcf[ ‘I”hc colors disJiaycd give the intcnsi(y  of the electric field, I’JIc
ma~actic  flcld may similarly bc shown by clickin~;  on tlm “11-flcld”  button. I1)ICI active color st rctcllill~  may bc ctmlc
on any of three frequency ranp,cs, cortcsponding  to the ditlcl-cllt  inshumcnts  of PWS, to provide better contrast and
silnulatc  the different calibl-atiom  of the instruments. ‘1’hc  dala values corlcspondinc  to each color aic shown in the
cmlor bar below. Tut-nin?, ofl the “color” opt iol~ gives a kis~ogi  am rnodc, in which each frwqucncy  is shown as a bar
plot with adjustable gain. ‘1’hc  pixel width corlcsponding  to onc time-slcp may also bc adjusted by bu[tons  at the
window’s lower right, and the entire window may bc slrctchcd  to enlarge the plotling  am.

in the upper right of Pigurc 5, the StrcamPlanc  application displays da~a similar to the StrcaniPlot,  bu(
rcndcrcd  in pcrspcdivc  with tlIc hcighl  also dctcrmincd  by intcnsi[y  of the ficlcl,  ‘1’hc J~rspcctivc  is cm[ro]lcd  by the
l’an-7.ooni  and 2-Axis  Rotator tools below, wllilc  the height Cain is adjusted by the dial to the left on Strcan~Planc.
‘1’hc Filter Slirtcr  has been used to limit  the flcqucncy ransc to better conccntiatc  on lowcl frequency fixtures.
kcausc  the tllrw-dill}cl~siol~al  data takes longer to render, the number of time steps disp]aycd in St rcaml’lane is
ICSS than on Strcmplot,  In the IOwcr lcfl of the figure, the St rearnl,inc apjdicat  ion displays the most  rcccllt
spcclrum  in white. For comparison with subsequent data, a spectrum may bc ftozcn by pressing a button, and will
then bc shown  in giccn. in addition, the boundinc  box on the spcctroglam  selects a spectral and temporal ~cgion
The spectrum is then averaged over the time region and displaycxt in a difl’crcnt color. This spwtrum  may also bc
fl-o/.cn  or continuously updated. Both Strcaml Jric and St rcan~I’lane can display either clcctlic  01 magllclic ficlcl,
and may bc intcraclivcly  rcsi~.cd. 1,astly,  the St rcanOock  at bottom center  gives both internal spacmrafl  aud
lhlivcrsal  times.

in addition to the tools show in the figures, the followiog  arc available:
3-Axis  Slider controls which  slice of data, aloilg any of three orthogonal axes, is disJiaycd.
3-Axis Rotator rotates three dimensional applications such as Plane and Globe about each of the three orthogonal
axes.
Color loo] provides intcraclivc palctlc manipulation of data sets during a l,illkWinds  session. ]ndividual  data values
niay bc specially marked, or a range of data n~ay bc ramped in color bctwccn  two values. A variety of palc([cs,
defined by the user, may bc substituted for the original OMC.
Contour pcrmi(s  the USCI to define onc or nlofc data values for wlkicll  contours arc constructed on tlm linked display
objects. ‘1’hc contour lines can bc colored and rclocatcd  as desired, A data distributio]l  his(og[am is providccl  to
F,uidc  the sclcction of the \rahICS.

Combine allows different slices of data, from citllcr  the same or different data sets, to bc combined into ima~cs using
various mathematical fl]nctions.  Chncntly,  up to three slices of data may bc cmnbincd  with the options listed ill tl)c
pull-down menu. la addition, a calculator is available to input arbitrary flmctions  of both slim and constants. AN
cnd.xxtdcd  histogram may bc used for interactive rcbinning  or rcnormalimt  ion of the computed data.
Compare ccmparcs  the behavior of each point in a data SCI with regard to a rcfcrcnce point, and displays the
resulting image. I/or example, the “Sum Square” option dctcrmincs the value at a givcll  point by taking the data
value, subtracting the data value at the rcfcrcnce  point,  and squaring, q’hc squares arc then sun~mcd for every slice in
the data set. The resulting vahrcs for every point arc then bimlcd into byte values and plotlcd, Compare is thus a
useful tool for examining spectral data.
IJat  a Subset saves subsets of the displayed data from user sclcctcd regions. TIIC data arc saved in }IDF formal with



all Pcr[incnt  mc(actala.
lhicT’lot  displays (1IC values along a slraigh[ line going  complcicly thIouglI  a data SCI parallel to any of lIIC three
axes. Plots arc conttollcd  by both tracking and f’tozc.n  crosshairs,  as well as the bounding box, in which case the
avcra~c,  value over the dcflncd rc~ion  is displayed, 1a acklitiom  bccausc  al I slices or levels arc show, 1,incI’lo~  is
provided with mt, gl CM, and blue slides to bc used to SCICCI  up to three difhcld  slices.
IIistogrwn  displays the distribution of values on a slice, for up to IIMCC  slices of dala. IIy using two sliders awilablc
for each slice, interactive tiltcring  and color sllclching  may bc done to clcatc composite RG1l true or false COIOI
intagcs  and to cnhancc  fcahrrc dctcclion on sin@c slices. Yellow Jincs indicate the maxinmm  aad minimum da[a
values. I’l Lc p,ain of the hislog,rams  may bc adjusted 10 enable the view’iap, of bills with very low number couats.
]’lane renders an inla~c in relief, with  an accompanying height field. “1’hc imasc  may bc ci[hcl a single slice or a
thrw slice RGI1 composite. Onc or two data SC(S  nlay bc loaded; their names arc given at tkc UIWCI  lcf( of the
window. If there isjus(  onc data set, thca its pixel values will also act as the height field. With two data sets, the frrs[
SC( dctc~lnincs  the image while the second acts as the hcif)lt, The gain of the height is intcraciivcly  adjusted by a
dial. ‘1’hc rcndcrcd  image is three dimensional, and may bc rotakxt,  panned, and momcd.  ‘1’hc pwtion of tllc image
rcndcrcd  may bc dctcrmincd  by the boundinr, box in the val-ious  ima~,c display objccls.  q’hc application window nlay
bc rcsimt,  with  the size of the rcndcrut plane adjusting accordingly.
Polar renders ci[her  a north-  or south-polar pl-ojcction  of the data with an accon~J)anying hcigh[ flcld.  Olhcrwisc,  it
behaves much like Plane.
OrtkoView displays a volume rcudcrinc of all poinls  in a thrw dimensional dala SC[ wllicll  lie bclwccn two sclcctcd
values.
]’rofilc displays the data values along a line drawn on a slice of data. l’hc slice may bc from any view axis of lmagc,
01 from the Combine  or Compare tools. “1’hc line is draw with a pencil shaped cursor called from the menu of the
dlawing, application, which must bc linked into Profile.
31) Scat tcr Plot plots  points from three data sets, At cvc[y localiorr in a slice, the data value of OIIC  set is plol[cd
againsl  ~hc data value of others. A bounding box may bc used as to control the region scattcrcd,  The points arc COIOI
Co&d  for rcvcrsc location on the originating image. A variety of slatis~ical information is available, and may bc
sawxt to a file.
TrackPixcl  gives nun)cI  ical information as cent ro]lcd by tllc cl osshair  or bounding box in any of the ilna.ge display
objwts. ‘l”hc  upper pad shows the location of the crosshair  and lhc data value at the sclcctcd point. The lower pad
~ivcs slatis[ical  information from the bounding box,

Animations of any of the displays arc su]]porlcd by two tools, l“hcy arc Animator, which is tilnc-based, and
Frame Animator, which is frame-based, }/or each, the user defines kcy frames with  conlrol  scllin~s and Ihc
anin~ation  tool dots “inbctwcning”  by interpolating intcrmcdi:itc  settings for the controls. All ofthc conlrols used
in the animation arc linked through the aninlators  rathc.r than directly to the display objcds,  in turn, tllc aaimator is
linked to the display object, ‘1’hc  Frame Animator is tllc sinqdcr and allows defining only two kcy frames, and the
number of inbctwcn frames desired, ‘i’hc  time-based Aliirnator  allows any nurnbcr  of key frames to bc dcflncd,  and
the select ion of the time intervals bctwcm these frames. ‘1’hc ilhctwccn  illtcrpolatioas  can bc alon~ citllcr  linear OJ
splint curves, and at a variety of frame rates including fihn ancl video. 3’lIc sawxt frames can then bc played back
immxtiatcly  or rccordcd fol subsequent rcp]ay. Comprchcasivc  time-based or space-based diagram arc provided
snowing tl)c values taken by each control guiding the animatirm,

]/~J”J’~JJ~T~ WO1{K
Active control of rcrnotc processes
With its MIJS1*;  subsys(cm,  1,ink Winds caa already cxcrcisc  cent to] over another running 1,itlkWinds

process anywhere on the inlcr’llct,  It is a straiglitforwald  task to expand this capability to olher kiads of proccsscs,  bc
they computations and conqwtcr  sinmlations,  or liardwarc dcviccs  capab]c of cxmputcr  control such as scicutific
inshwncnts  or sJ)acccraft. 1,inkWinds controls, specific to such proccsscs,  will bc dcvclopcd,  cx[cndinf, the user
iatcrfacc  to cxcrcisc tkc control functions with sliders, dials, displays, CLC., as nccdcd, lynx commands would then
bc broadcast over the networks to sockets on a remote server O! servers designed to cxcrcisc  spwifrc  dcviccs.

Annotation tools
l,inkWinds currently has an overlay syslcm in which the User can provide a file containing a lisl  of vcclor

coordinates and have them rcndcrcd over the data, Wc will expand this capability by providing tools to allow the
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USCJ  to crcalc these ovc~lay fllcs inhmc(ivcly. ‘1’l)is  will pcrlnit fully anno[atcd o\’crlays  fol data ar]alysis,  ald tl)c
interactive preparation of figures for publication.

Support for additional data file formals
[Jntil  (IIC actvcn( of the real time dala intcrllrcc,  research using l.inkWirds  was cmtincd  to relatively wcll-

bchavcd  and rectangularly gr-iddcd  data sets. I k+scnt  i ally all of the general tools built  for visualizing ar~d analyzing
data also concentrate on this category of data. While 1,inkWinds slarkd,  as any orderly dcvclopnlcnt  should, from
the. most  common circurnstanccs,  the ctcvclopmcnt  will move irlto  more complex data analysis problcm  areas. ‘1’hcr c
at-c major ncglcclcd  calc~orics  of data (hat arc gcrmally  quite comnon in NASA scicntifrc  research, and badly in
need of tools to supJ>or(  their rcformauing, cxploralion, arid artalysis, in Iltcsc research areas, as ir] all areas of
1,inkWinds dcvclopmcnt,  n]ctlmdolof,y  and application bui!dillg  will bc drive.n by real scientific problcnm  Several
such arc.as arc idcntifmt  at this time.

(1) I)ata sets in which there arc sip,nificar)l sources of crlot, both statistical and systcn~alic.  ‘1’lvmc arc ll~arly
arm of research irt which mol-s in the ]ncasurcmcnts  greatly in~J)acl  their irltcrJ)rctation.  ‘J’hcsc include all
as[ronornics  in which flux values arc low, notably x-ray, gamma-ray, cosmic-ray and nculrino  as[ronornics.
Associalcd  with  each pixel of an irnagc is an error. As the images arc viewed, or proccsscd,  tlIc crlors  must
likewise bc dealt with so that the images can bc proJ)crly intcrprckx

(2) IJata sets which arc ungriddcd samples, either sJ>arsc  or numerous, frolr~ which it is desired to conslruc[
gl iddcd data SCIS  over cxlcndcd  regions, A notable example is in occano~raphy  where ocean soundings
yield vast quantities of information for isolated poiats. ‘1’ools arc nccdcd to construct maps for large rcgior~s
by irl[crpolating these nmasurcn~cn[s, ‘J’his  is oficri  n~os( easily done visually, but tools arc scar-cc al this
time. ~’his need also arises in both atnmphcric  and flclds  and particles Icscarch

(3) l)isJ~aratc  siz,cd data sets ~vhich mus[  bc warped and/or co-rcg,is(crcd for overlay or comparison, 111
sin~,lc-  or multi-disciplinary studies, data or images florn various instruments arc ccmlJ)arcd  or combined for
s[udy. III general, all of these data SC(S  arc orr ditTcrcnt scales and in ditTcrcnt  orientations, arid msl bc
normaliz.cd  to make the comparisons valid. Again, this is n~ost rapidly slid ctTcctivcly done intcrac[ivcly
and visually. Such situations arc now prcvakat  in all areas of research.
Develop lJscr Applicrrtions  Gcmrator
Chrrcntly  the layout of all objccls  within the 1,inkWiads’ windows is dctcrmincd  try a tcx( file. ‘1’hc user earl

rc-configure any of the windows by cditir)~  this fllc. l.irtkWirlds  also has a n)cm]-sclcctablc  “rcdcsigll”  mode which
allows the user to intcraclivcly  move any object in a window to a ncw location. WIIcn cilhcr  the session or the
redesign mode is ended, the ncw tcxl frlc entries for the revised applications arc saved enabling the user to
subsequently add tlicnl  to the layout file, Wc intend to cxJ~and  this tool kit aJqxoach to allow users not ordy to move
objcc(s around within a window, but to take thcm on”’  and throw thcm away, or add ncw ones flom a provided
calalog.  in conjunction with the objcd sclcclions, l,inkWir)ds  will gcncratc  a GCOCJC source mdulc  to cxcrcisc  their
functionality. I’llis  code will  bc suitab]c for usc as a tcrllplatc  fol the dcvc]opn)c]]t of a full al)p]icatiorl,  ]rlitially,  the
user will bc required to write the code which renders or displays the data in the places dcsignalcd  by the tcn~J>latc.
As cxpcricncc  is gained with this approach, it is cxJKztcd that the rendering arid display proccsscs  will also lend
thcrnsclvcs  to a limited catalog of proccsscs  sclcctablc by the user.

lnlplcmcnlation  on other platforms
There is a need to porl  1,irkWinds to other platforms. in anticipation of this task, all functionality

previously dcJwrldc]lt  upon the SG1 Gl ,-library  has been cmvcrlcd  to X Windows, wilh the cxccJ)tio]l  of tl)a[ used for
rendering tltc  data. ?’hc rendering functions oft hc SGl (l] ,-Jibrary arc cm[aincd in the @cnGl, library [7] whicl]  is
a strong contcndcr  for s[andardintion  as an X Windows 3dilncnsional  rendering widgcl  basis. A number of
personal con)J)utcr and workstation manufacturers have licctlscd  the library and plan to suJ)Jmrt  it in future oJwrating
systems, ‘1’his will make the porling of 1,inkWirlds  to any X Windows sys~crl~ straightforward, Meanwhile, cffoi  IS

using third -parly  libraries to port  SGI (;1 ,-libr ary-bmd aJ)plications  arc under way.
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]Ggurc Captions
Figyrc  1: ~’hc shofl and long form of the 1,inkWinds data objcc(

]/igllrc  2: A slider, all c~all}plc of a silllJ)lc 1,inkWinds control  object,

Nigu m 3: An example of a 1,inkWinds  display object, l’his particular example has control  objcck cmbc(idcd  in i(

]~igurc  4: 1,il~kwil~ds  scssioll  to cxp]orc llppcr  a~il]ospllcric OX,OI)C  and  water vapor measured by I1)C Microwave
1,imb Soulldcr aboard IJARS.

l~i~urc  S: l’lasma  wave data taken by PWS aboarci Galileo during IIIC Iiarlh  ? cnccmtcr  in I)cccmbcr 1992 and
displayed in real time.
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Figure 2. A control object



Figure 3 . A display object with controllers

.,,,, vw.+<$ -------------------------------------------------------------------------------------------------------------------------------------- *:<7*
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